Abstract MicroRNAs are small non-coding RNAs which mediate post-transcriptional gene regulation. Recently, microRNAs have also been found to be localized to the extracellular space, often encapsulated in secreted extracellular vesicles (EVs). This tandem of EVs and tissuespecific expressed/secreted microRNAs that can be taken up by neighboring or distant recipient cells, leading to changes in gene expression-suggests a cell-specialized role in physiological and pathological conditions. The complexity of solid tumors and their distinct pathophysiology relies on interactive communications between the various cell types in the neoplasm (tumor, endothelial, or macrophages, for instance). Understanding how such EV/ microRNA-mediated communication occurs may actually lead to avenues for therapeutic exploitation and/or intervention, particularly for the most formidable cancers, such as those in the brain. In this review, the role of microRNAs/ EVs in brain tumors will be discussed with emphasis on how these molecules could be utilized for tumor therapy.
Introduction
Glioblastoma multiforme (GBM) is an incurable brain cancer with a very poor prognosis and a mean survival rate of only 3.3 % at 2 years and 1.2 % at 3 years (Furnari et al. 2007; Ohgaki et al. 2004) , which makes it one of the most lethal human malignancies (Al-Nedawi et al. 2008) . GBM accounts for 12-15 % of all brain tumors and approximately 70 % of all diagnosed astrocytomas (Ohgaki and Kleihues 2005; Ohgaki and Kleihues 2007) . It is highly heterogeneous morphologically and, even at the single-cell level, recent data show significant genetic heterogeneity within tumor per se (Friedmann-Morvinski 2014; Meyer et al. 2015; Patel et al. 2014) . GBM tumors are also highly invasive, infiltrating surrounding brain tissue (Al-Nedawi et al. 2009; Skog et al. 2008) . These features make it impossible to cure GBM by local therapies or single-target therapy. This failure of complete eradication leads to inevitable tumor relapses.
Additional insights into the mechanisms underpinning GBM pathobiology are therefore urgently needed. GBM is recognized as a complex ''ecosystem'' composed of cells with distinct phenotypes, genotypes, and epigenetic landscapes. To date, analyses on molecular diversity have focused mostly on protein-coding genes (Patel et al. 2014 ), but the engagement and contribution of non-coding RNAs remains insufficiently studied or characterized.
The conventional view of the mammalian genome was that *20,000 protein-coding genes were dispersed across mostly repetitive and largely non-transcribed sequences. Over the past decade, this view has been challenged by increasingly thorough examinations of the RNA species in mammalian cells. These studies have revealed the fascinating complexity of the transcriptome, in which proteincoding genes produce many alternative products. On the other hand, genomic regions previously thought to be transcriptionally silent give rise to a range of processed and regulated transcripts that do not code for functional proteins. The vast majority of these non-coding RNAs have no known function. In fact, only a small fraction of these transcripts are precursors for small regulatory RNAs, such as microRNAs, with documented pro-tumorigenic and tumor suppressor functions in many cancers including GBM (Floyd and Purow 2014; Godlewski et al. 2015; Sergeeva et al. 1987) .
GBMs contain certain cellular niches enriched for distinct phenotypic properties (Patel et al. 2014 ), including transient quiescence and self-renewal (Chen et al. 2012a; Meacham and Morrison 2013; Singh et al. 2004) , adaptation to hypoxia (Li et al. 2009c) , and resistance to radiation-induced DNA damage (Bao et al. 2006; Bhat et al. 2013) . This diversity in phenotypes could be rendered further complex by the intercellular transfer of functional EV-encapsulated RNA molecules, including microRNAs. EVs include exosomes, microvesicles, apoptotic blebs, and oncosomes, and thus the full comprehension of functional consequences of such EV diversity is still incomplete (Bobrie et al. 2012) . MicroRNAs exist in bodily fluids, including blood and CSF (Holdhoff et al. 2013; Rao et al. 2013; Roth et al. 2011) , as a component of EVs but can also be found inside high-density lipoproteins (HDLs) (Tabet et al. 2014; Vickers et al. 2011) , or bound by AGO2 outside of vesicles (Arroyo et al. 2011 ). Insofar as extracellular vesicles, increasing evidence is showing that they contain microRNAs that are selectively packaged and then transferred to recipient cells, where they regulate gene expression (Fitzner et al. 2011; Godlewski et al. 2015; Villarroya-Beltri et al. 2013 ). In the context of a GBM ''ecosystem'' composed of cells from distinct genetic subclasses and functional role of EVs and their cargo in maintaining such diverse landscapes, the EV/microRNA complex may be responsible for the molecular/phenotype ''switch.'' Indeed, although protein-coding gene-based signatures predict molecular subtype classification in GBM (Verhaak et al. 2010) , there is no strong correlation between global signature of microRNA expression/detection and molecular subtypes. Therefore, uncovering EVs/ microRNA rearrangements adds an additional layer to the complexity of tumor heterogeneity (Fig. 1) . EVs with their microRNA components may also represent a novel target for therapeutic intervention or a vehicle for the transfer of anticancer therapeutic molecules. Unlike other cellular nanoparticles (e.g., lipoproteins), EVs consist of a plasma membrane surrounding the inner space (lumen), containing complex mixtures of cellular proteins, bioactive lipids, and nucleic acids (mRNA, microRNA, mtRNA, and DNA) whose roles in GBM pathology have been somewhat described (Garnier et al. 2013; Godlewski et al. 2015; van der Vos et al. 2011) . Correspondingly diverse are their alleged functions, ranging from immunomodulation, bone formation, removal of degraded cellular material, glandular secretion, erythropoiesis, blood coagulation, angiogenesis, tumor, metastasis, and several other processes. This review aims to discuss the mechanisms, function, and potential therapeutic properties of cellular and vesicle-transferred microRNAs in GBM. It is hoped that the review will help frame the scientific context for additional research in this highly efficient intercellular mechanism of transfer of regulatory genetic information in brain tumors.
MicroRNAs-Mode of Action
Less than two percent of the human genome encodes genes that are translated into proteins: the rest of transcriptome gives rise to non-protein-coding RNAs (Djebali et al. 2012) . It is now well appreciated that these molecules play essential roles in a variety of biological processes (Iorio and Croce 2012; Tay et al. 2014; Wilusz et al. 2009 ). Among these non-protein-coding genes are small noncoding RNAs known as microRNAs that now appear to have a significant role in cancer biology. Twenty years after the first microRNA gene (lin-4) was discovered in Caenorhabditis elegans (Lee et al. 1993) , vast numbers of other microRNAs have been identified. So far over 2500 have been described in the human genome (miRBase (www.mirbase.org)) (Kozomara and Griffiths-Jones 2014) .
MicroRNAs are a family of small (17-24 nucleotides long), non-coding RNAs that deregulate gene expression by various means. The established mechanism of action is that they regulate levels of target mRNA/proteins through a combination of rapidly occurring mRNA destabilization (dominant function) and translational repression (Eichhorn et al. 2014) . MicroRNAs initiate the formation of inhibitory complexes by binding to the 3 0 untranslated region (3 0 UTR) of specific mRNAs (Carthew and Sontheimer 2009 ).
Other targets, though, include the 5 0 untranslated region (5 0 UTR) or coding sequence (CDS) of the targeted messenger RNA (mRNA) (Miranda et al. 2006; Zhou and Rigoutsos 2014) , simultaneous 5 0 UTR and 3 0 UTR bridging interaction (Lee et al. 2009 ), acting as a ligand for receptor (Fabbri et al. 2012) , or interaction with other non-coding RNAs (Guil and Esteller 2015) (Fig. 2) . Repression of gene expression can also occur by other means as evidence is emerging that microRNAs can also alter global protein synthesis (Eiring et al. 2010; Lee et al. 2009; Orom et al. 2008; Vasudevan et al. 2007 ). Therefore, the capability to deregulate protein-coding and non-protein-coding genes allows non-coding RNAs to modulate significant epigenetic rearrangements.
MicroRNAs in Brain Tumors
Typically in cancer, including GBM, microRNAs can mediate oncogenic or tumor suppressor functions (Floyd and Purow 2014; Godlewski et al. 2015; Sergeeva et al. 1987) . In the first instance, microRNAs are oncogenic by post-transcriptionally lowering mRNA and subsequently tumor suppressor proteins. In the second instance, they act as tumor suppressors by reducing oncogenic mRNAs and their protein product levels. Altered expression of microRNAs in tumor cells coupled with the function of the targeted molecules drives the oncogenic phenotype.
Recent reviews have comprehensively analyzed microRNAs deregulated in GBM stem cells (GSCs) (Floyd and Purow 2014; Godlewski et al. 2015; Yang et al. 2015) . Here we will focus on the influence of selected microRNAs over GBM tumor cell growth, invasion, stem cell regulation, as well as chemo-resistance in the context of therapy (Fig. 3) .
Proliferation-Pro or Anti-microRNA
One of the most investigated microRNAs upregulated in cancer is miR-21, reproducibly shown to be overexpressed in GBM (Chan et al. 2005; Ciafre et al. 2005; Conti et al. 2009; Gabriely et al. 2008; Gaur et al. 2011; Kwak et al. 2011; Lakomy et al. 2011; Malzkorn et al. 2010; Papagiannakopoulos et al. 2008; Zhou et al. 2010) . Experimentally, the downregulation of miR-21 was found to reduce the oncogenic potential of GBM cell lines through the inhibition of several cellular signaling pathways involved in malignancy maintenance (Krichevsky and Gabriely 2009) . A variety of targets for miR-21, such as PTEN, SPRY2, LRRFIP1, HNRPK, and TAp63 (Kwak et al. 2011; Li et al. 2009b; Papagiannakopoulos et al. 2008; Zhou et al. 2010) , are known to regulate GBM proliferation. Additionally, indirect targeting of key components of proliferation-signaling pathways, e.g., NF-jB and Ras, by miR-21 has also been reported (Kwak et al. 2011) . It was also shown that downregulation of miR-21 diminished tumor growth in immunodeficient mice (Corsten et al. 2007; Gaur et al. 2011; Zhou et al. 2010) . Transcriptional profiling of cells where miR-21 was knocked down revealed changes in the expression of genes associated with DNA damage response, regulators of cell cycle arrest, and positive regulators of apoptosis (Gabriely et al. 2008) . These data, together with miR-21-dependent sensitization of GBM cell to both radio-and chemotherapy (Li et al. 2011; Ren et al. 2010a; Ren et al. 2010b; Shi et al. 2010a) , make miR-21 a particularly interesting focus for therapeutic exploitation. The other strongly upregulated microRNA in GBM is miR-10b (Gabriely et al. 2011; Lang et al. 2012; Sasayama et al. 2009 ). MiR-10b has been shown to promote cell cycle progression in both S-phase and mitotic transitions (Gabriely et al. 2011; Guessous et al. 2013; Sasayama et al. 2009) , and miR-10b inhibition suppresses the growth of subcutaneous and intracranial GBM xenografts (Gabriely et al. 2011; Lin et al. 2012) . Direct anti-proliferative targets of this microRNA were shown to be CDKN1A/p21 and CDKN2A/p16 (Gabriely et al. 2011) . Recently, miR-10b-dependent targeting of E2F1 in a CDKN1A/p21-dependent fashion was also shown to regulate cell death and proliferation signaling (Teplyuk et al. 2015) .
Other microRNAs upregulated in GBM that drive the pro-proliferative phenotype are miR-125 (Shi et al. 2010b) , the miR-17-19 cluster (Ernst et al. 2010) , and miR-381 (Tang et al. 2011) .
The loss of expression of tumor-suppressive microRNAs (Godlewski et al. 2008; Qiu et al. 2013; Rani et al. 2013; Zhao et al. 2013 ) is also an important cause of aggressive growth of GBM cells. MiR-7 is a well-documented example of an inhibitor of mitogenic signaling via the simultaneous repression of multiple mRNAs and their proteins within the EGFR pathway (Kefas et al. 2008 ). In addition, transfection of miR-7 in GBM promoted the generation of a primary GSC as well as the inhibition of proliferation of GBM cells in vitro (Kefas et al. 2008) . These results implicate miR-7 as a key molecule and possibly a therapeutic molecule for GBM. Other microRNAs consistently reported as downregulated in GBM are miR-137 that have often been investigated in combination with neuronal-specific miR-124 (Chen et al. 2012b; Lavon et al. 2010; Setty et al. 2012; Silber et al. 2008; Vo et al. 2011; Wuchty et al. 2011) . Their anti-proliferative effect mediated through targeting of CDK6 (Silber et al. 2008 ), Msi1 (Vo et al. 2011) , and Cox-2 (Chen et al. 2012b ) with concurrent induction of differentiation of GSCs and cell cycle arrest (Silber et al. 2008) suggest that targeted delivery of miR-137 and/or miR-124 may be therapeutically efficacious for GBM.
Invasion-Go or Grow-MicroRNAs
As the complete surgical resection of GBM tumors is not possible due to their highly invasive infiltration of surrounding brain tissue (Rao 2003; Zhong et al. 2010) , the development of therapies targeting the invasive properties of GBM cells is critically needed. Experiments with cultured GBM cells (Giese et al. 2003) suggest an almost exclusive relationship between migratory and proliferative performance. This phenomenon has been known as the migration/proliferation dichotomy (or 'Go or Grow' mechanism) (Giese et al. 1996) . Using a GBM cell migration assay, we initially identified miR-451 as the most downregulated microRNA during cell migration (Godlewski et al. 2010b) . Its targeting of the major energy biosensor pathway of cells by downregulation of the LKB1 cofactor CAB39 and subsequent modulation of AMPK led to GBM cell inability to survive glucose deprivation (Godlewski et al. 2010b; Nan et al. 2010 ). The other element of the phenotype-deceleration of migration ratewas also found to be due to miR-451 targeting of YWHAZ (also known as 14-3-3f) or TSC1 (Godlewski et al. 2010a ). The expression of this miR-451 is regulated by microenvironmental changes (e.g., glucose availability) (Ansari et al. 2015) : this knowledge could also be exploited therapeutically by targeting this miR-mediated mechanism of rapid adaptation of cancer cells to dynamic changes in energy availability.
Biologic evidence indicates that migratory and proliferative processes share common signaling pathways, suggesting a unique intracellular mechanism that regulates both behaviors (Giese et al. 2003) . The observed dual proproliferative/anti-invasive phenotype driven by a single microRNA (i.e., miR-451) may thus reflect an effect of network targeting of such pathways and adaptation of GBM cells to cellular and microenvironmental changes. Indeed, a number of microRNAs deregulated in GBM have been reported to have such a dual phenotype. Functional assessment of miR-21 suppression in GBM cells was shown to lead to decreased cell growth and tumorigenicity (discussed in the previous section) but also to reduced invasiveness by targeting RECK and TIMP3 (Gabriely et al. 2008) . Similarly, microRNAs like miR-137, miR10b, miR-128, or miR-124 shown to deregulate proliferation and neurosphere formation were found to target also pro-migratory/invasive targets (SFRP1 (Delic et al. 2014 ), HOXD10 (Sun et al. 2011) , SP1 (Dong et al. 2014) , and Rab27a (Wu et al. 2013) ).
GBM is characterized by cellular heterogeneity with a subpopulation of self-renewing and highly resistant GSCs. GSCs are thought to be crucial in the initiation and hierarchical maintenance of the GBM tumor niche (Charles et al. 2012; Gilbertson and Rich 2007; Infanger et al. 2013; Pietras et al. 2014; Yan et al. 2013) . The genetic alterations of GBM are often driven by Notch, Wnt, or Polycomb signaling-documented targets for microRNAs in GBM. Notch is a critical regulator of cell-fate during development and also of normal stem cell maintenance (Fan et al. 2010; Fan et al. 2006; Shih and Holland 2006) . Activation of the Notch pathway enhances the stemness, proliferation, and radio-resistance of GSCs (Wang et al. 2010) , and miR-34a, downregulated in human GBM, was shown to directly inhibit the expression of c-Met, Notch-1, and Notch-2 in GSCs (Li et al. 2009a) . Ectopic expression of miR-34a in glioblastoma cells inhibits cell proliferation, survival, and migration. In addition, miR-34a induces GSC differentiation as evidenced by the decreased expression of stem cell markers and increased expression of differentiation markers (Guessous et al. 2010) . Several other microRNAs such as miR-326 or miR-524-5p have been reported to target Notch family members and ligands. MiR-326 has also been shown to suppress the Hedgehog pathway (Chen et al. 2012d; Ferretti et al. 2008; Kefas et al. 2009; Li et al. 2009a ). The Wnt pathway in GSC was shown to be promoted by miR-92b, which targets the tumor suppressor Wnt-inhibiting NLK gene, and by miR-328 targeting the tumor suppressor SFRP1 (Delic et al. 2014; Wang et al. 2013) . The indirect targeting of molecular markers of stem cells (Nanog and Nestin) by miR-124 resulted in downregulation of the CD133? (GSC marker) cell subpopulation in neurospheres and could be rescued by re-expression of SNAI2, also a direct target of miR-124 (Xia et al. 2012a) . Several other microRNAs including miR-451, miR-486, and miR-425 have also shown to be inversely correlated with the frequency of the CD133? cell population, thought to represent GSCs (Gal et al. 2008) .
The key epigenetic regulators required for maintenance of the self-renewal and multi-potential capability of GSCs are Polycomb Repressor Complexes 1 and 2 (PRC1, PRC2) (Richly et al. 2011) . Data from our group clearly show that one of the significantly downregulated microRNAs in GBM-miR-128-is responsible for targeting of both these complexes (Peruzzi et al. 2013) . In fact, re-expression of miR-128 significantly reduces GBM cell proliferation via downregulation of the oncogene BMI-1, a component of PRC1, and leading to inhibition of GSC self-renewal (Godlewski et al. 2008) . MiR-128 also directly targets SUZ12, a key component of PRC2. Therefore, miR-128 leads to a reduction in PRC1 and PRC2 activities (ubiquitination of histone H2A and methylation of histone H3) (Peruzzi et al. 2013 ). This simultaneous action of a single microRNA on PRC1 and PRC2 is an important epigenetic process, because it leads to a global inhibition of PRC in neural stem cells.
In addition to microRNA-dependent inhibition of stemness in glioblastoma cells, pro-differentiation signaling was shown to increase the expression of the tumor-suppressive miR-302-367 cluster and miR-137 (Bier et al. 2013; Fareh et al. 2012; Silber et al. 2008) . Functions in neuronal differentiation consist of both direct (Fareh et al. 2012 ) and indirect (Bier et al. 2013) targeting of CXCR4, which in turn modulates the expression of the stem cell regulators SHH, GLI1, and NANOG (Fareh et al. 2012) . GSCs display resistance to radiation and chemotherapy and contribute to tumor growth through the stimulation of angiogenesis ): these microRNAs thus could be used in combinatorial modes to sensitize GSCs to radio-and chemotherapy.
Overcoming Therapy Resistance-MicroRNA Targeting and Re-expression Since its approval for use in newly diagnosed GBM patients, temozolomide (TMZ), an oral alkylating agent, has proven to be a somewhat effective chemotherapy drug with tolerable side effects. TMZ is most effective when administered concomitantly with radiotherapy (Stupp et al. 2005) . Its active metabolite methylates DNA and such therapeutic benefit is inhibited by the DNA repair enzyme, methylguanine methyltransferase (MGMT) (Stupp et al. 2007; Zhang et al. 2012b) . Reports have shown that certain microRNAs are implicated in acquired TMZ resistance. For instance, , and miR-10a were upregulated in TMZ-resistant cells (Ujifuku et al. 2010 ). Slaby et al. also showed that GBM patients who responded to radiotherapy and TMZ also had downregulated miR-181b and miR-181c and upregulated miR-21 (Slaby et al. 2010) . Additional analyses from The Cancer Genome Atlas (TCGA) of microRNAs associated with overall survival in TMZ-treated patients indicated that miR-130a could be a positive predictive marker for TMZ response in patients with GBM (Chen et al. 2015) . Remarkably, in all these studies, the methylation status of MGMT was an independent predictor of response to TMZ suggesting that MGMT expression is unlikely to be the only pre-requisite for acquired TMZ resistance in all GBM phenotypes.
The exact mechanisms underlying MGMT modulation of TMZ and radiation responses remain uncertain, but a number of studies indicate MGMT's influence on various GBM signaling pathways. With this knowledge, microRNAs reported to influence TMZ resistance in GBM (miR-195, miR-455, miR-10 (Ujifuku et al. 2010) , miR-181b (Li et al. 2010; Slaby et al. 2010) , miR-21 (Shi et al. 2010a; Wong et al. 2012) , miR-125b (Shi et al. 2012) , miR-145 (Yang et al. 2012) , miR-211 (Asuthkar et al. 2012) , miR-17 (Comincini et al. 2013) , miR-9 (Munoz et al. 2013) , the miR-183/96/182 cluster (Tang et al. 2013) , and miR-221/ 222 (Chen et al. 2012c) ) were shown to target pathways involved in proliferation, apoptosis, and stem cell maintenance. Some studies suggested that targeting GSCs may effectively reduce tumor recurrence and significantly improve GBM sensitization to radiation (Huang et al. 2010) . Because ectopic expression of miR-128 in GSCs significantly increases their radio-sensitivity, miR-128 may be a key microRNA in addressing the therapeutic challenges of therapy resistance (Peruzzi et al. 2013 ).
EVs and MicroRNAs-Targeting of EV Secretion, Composition of EV Cargo, and Delivery of MicroRNAs
In diseases such as cancer, EVs can facilitate tumor progression by altering their vesicular content and by supplying the tumor niche with molecules that favor the progression of oncogenic processes such as proliferation, invasion, cancer stem cell propagation, or even drug resistance. EVs derived from GBM cells were reported to modify recipient cells (of tumor, endothelial, or monocytic origin) via the transfer of cell-transforming proteins and messenger RNAs and ncRNAs (Al-Nedawi et al. 2009 Balaj et al. 2011; Skog et al. 2008) .
Our recently published data suggest that the mechanism for the transfer of certain proteins via EV may depend on microRNA targeting of the EV cargo in GBM cells (Bronisz et al. 2014 ). Many experimental strategies are based on reexpression of downregulated microRNAs or inhibition of overexpressed microRNAs in tumor cells. However, only recently we have started to elucidate exactly how these forced expression approaches affect neighboring cells in the tumor microenvironment. We found that ectopic expression of the novel tumor suppressor miR-1 in GBM cells blocked growth of tumor cells but also inhibited the neovascularization of intracranial xenografts. Interestingly, we also found that cells forced to re-express miR-1 were less tumorigenic and that purified EVs from such cells were less pro-tumorigenic when added onto tumor and endothelial cells than EVs from control cells. This was due to an altered EV molecular cargo that also included mature miR-1. In fact, we showed that EV miR-1 led to direct repression of its mRNA targets (MET, AnnexinA2) and indirectly reduced levels of EGFR and inhibited JNK activity in recipient GBM cells. There was a global effect of miR-1 on the EV proteome linked to cancer signaling networks, such as AnnexinA2, fatty acid synthase, and 14-3-3f. Together, our results indicated that EV signaling promotes the oncogenic properties of GBM within the tumor and in its microenvironment and that ectopic expression of miR-1 can mitigate these effects, with possible implications for the development of a unique miR-based therapy for GBM.
Additional input related to the role of microRNA in GBM microenvironment came from a very recent study by van der Vos et al. (van der Vos et al. 2015) . Using one of the most enriched microRNAs in EVs-miR-451 and one of the most upregulated microRNA in GBM (Gabriely et al. 2008; Li et al. 2013 )-miR-21, the authors demonstrate that GBM-derived EVs are internalized by microglia and that these two microRNAs are taken up by recipient microglial cells. This study also includes elegant visualization of the process in vivo. However, the functional modification of microglial phenotype by these microRNAs is still not clear. The proposed downregulation of c-MYC by miR-451 was already shown before Wang et al. 2014 ). However, the 3 0 UTR of c-MYC mRNA is lacking a canonical miR-451 target site and mutation analysis of c-MYC mRNA needs to be performed to exclude indirect targeting by miR-451. Additionally, miR-451 was shown to be enriched in EVs from other cells including normal cells (Collino et al. 2010; Guduric-Fuchs et al. 2012; Pigati et al. 2010 ) in contrast to miR-21, calling into question the specificity of action that this microRNA may exert on microglia. Finally, the analysis of transcriptional regulation (primary transcript) of microRNA-451 in recipient cells may shed new light on a described mode of action, as this particular microRNA was found to be dramatically deregulated upon exposure to stress (Ansari et al. 2015; Godlewski et al. 2010b ) and stress also is an additional mechanism of EV secretion/loading (de Jong et al. 2012; Garcia et al. 2015; Yu et al. 2006) . The finding that microRNAs naturally enriched in EVs are post-transcriptionally regulated (Koppers-Lalic et al. 2014) questions whether such modification (uridylation of 3 0 end of microRNA) has an impact on the affinity of target recognition. This can represent an additional regulatory mechanism of cell-specific targeting by microRNA.
Although several EV-secreted microRNAs were shown to produce functional effects in different types of cancer (Ismail et al. 2013; Kogure et al. 2011; Kosaka et al. 2013; Ostenfeld et al. 2014; Singh et al. 2014; Valadi et al. 2007; Zhang et al. 2010) , knowledge of the role of secreted endogenous microRNAs by GBM cells as it relates to tumor progression is limited. This may be because the cellular heterogeneity of GBM cells and GSCs (Mao et al. 2013; Patel et al. 2014) complicates the analysis of the microRNA and proteome component in EVs. Until recently, several approaches were initiated to uncover the role of microRNAs secreted by GBM cells into the microenvironment or the circulation. Despite different models used in these studies, it became clear that miR-21 was the only one identified in all of them regardless of whether EVs were derived from GBM cells, CSF of serum (Table 1) (Akers et al. 2015; Li et al. 2013; Manterola et al. 2014; Roth et al. 2011; Shi et al. 2015; Skog et al. 2008; Sun et al. 2015; Teplyuk et al. 2012; Wei et al. 2014; Zhang et al. 2015) . Interestingly, one of the established tumor-suppressive microRNAs in GBM-miR-128 (Godlewski et al. 2008; Peruzzi et al. 2013 )-was found in blood (Roth et al. 2011 ) and serum (Sun et al. 2015) showing elevated level in these fluids of GBM patients (Sun et al. 2015) . Additionally, the level of miR-128 in preoperative serum of GBM patients was significantly decreased in comparison to normal controls, and its levels were significantly elevated after surgery. Finally, low serum levels of miR-128 correlated with high pathological grade and low Karnofsky Performance Status score. These findings indicate that serum miR-128 could be a sensitive and specific biomarker of GBM. In the context of different modes of sorting of microRNAs into EVs, these additional comprehensive studies combining the analysis of micro-RNA signature with bioinformatic analysis of the mechanism of secretion are necessary. In summary, EV microRNA profiles may become useful biomarkers for GBM patients (Akers et al. 2013; Godlewski et al. 2015) . Before this can be clinically applicable, we will need to resolve the significance of differences in the microRNA signature of healthy subjects compared to those of GBM patients (Godlewski et al. 2008; Piwecka et al. 2015) , the (2015) has-miR29b Downregulated PDPN EV GBM cells Li et al. (2013) hsa-miR-128 Downregulated BMI1, SUZ12, EGFR, E2F3A
GBM blood, GBM serum Roth et al. (2011); Sun et al. (2015) hsa-miR146b significance of extracellular cancer EVs containing genetic materials that partially reflect the intracellular microRNA signature of the tumor milieu (Camussi et al. 2011; Noerholm et al. 2012; Skog et al. 2008) , and the relevance of transgression of anatomic locations (blood to CSF and vice versa) by EVs (Holdhoff et al. 2013; Roth et al. 2011; Teplyuk et al. 2012 ).
Mechanisms of EV MicroRNA Processing and Loading
The processing of microRNAs is carried out by the RNAinduced silencing complex (RISC) (Bartel 2009; Maniataki and Mourelatos 2005) and RISC-loading complex (RLC) Gregory et al. 2005; MacRae et al. 2008; Maniataki and Mourelatos 2005; Melo et al. 2009) , and the components of RISC were found in EVs, suggesting that processing of microRNA precursors in EVs is in fact possible. Recently, Monia et al. (Melo et al. 2014) showed in an in vitro cell-free model that precursor processing could occur in EVs. The authors argued that processing in recipient cells was unlikely due to the rate-limiting availability of processing enzymes. This however would not explain why delivered synthetic microRNA precursors are processed and become functional in recipient cells. Recent evidence suggests that the microRNA repertoire in EVs only partially mirrors that of cellular microRNA (Skog et al. 2008 ) and, in fact, its specific pattern may be surprisingly different from that of secreting cells (GuduricFuchs et al. 2012; Li et al. 2013; Mittelbrunn et al. 2011; Nolte-'t Hoen et al. 2012; Valadi et al. 2007 ). Yet, the active mechanisms that control the selective sorting of RNA into EVs are poorly understood. An initial insight into this mechanism comes from the identification by Ostrowski and colleagues of the regulatory molecules involved in the release of EVs. They observed that Rab27a and Rab27b were associated with EV secretion. Knockdown of Rab27 or their effectors, SYTL4 and EXPH5, could inhibit secretion of EVs in HeLa cells (Ostrowski et al. 2010) . GBM cells are characterized by massive secretion of EVs ) and interestingly one of the tumor suppressor microRNAs lost in GBM-miR-124 (Fowler et al. 2011 )-was recently shown to target Rab27a in GBM cells. This suggests that miR-124 loss in GBM may be needed to increase EV secretion in GBM (Wu et al. 2013) .
One additional factor/metabolic pathway may also be important: sphingosine 1-phosphate (S1P) receptors in multivesicular endosomes have been shown to be essential for the sorting of intracellular cargo into intraluminal vesicles destined for extracellular vesicle release. This process is regulated by sphingosine kinase-1 (SPHK1), which catalyzes the biosynthesis of S1P (Kajimoto et al. 2013) . The pro-proliferative, pro-invasive, pro-angiogenic, and anti-apoptotic role of SPHK1 in GBM is well documented (Abuhusain et al. 2013; Estrada-Bernal et al. 2011; Guan et al. 2011; Kapitonov et al. 2009; Zhang et al. 2012a) . It turns out that miR-124 also targets SPHK1 (Xia et al. 2012b) ; thus, lack of miR-124 in GBM results in elevated expression of SPHK1 (Xia et al. 2012b) . Forced re-expression of miR-124 leads to a decrease of SPHK1, multiplying the effect on EV secretion and global EV cargo loading (Rigogliuso et al. 2010) . Therefore, miR-124 may also be a useful target for a possible therapeutic strategy.
As always, there is also evidence that cannot be explained by the models. For example, the tumor repressor protein p53 and its downstream effector TSAP6 are enhancers of EV production (Yu et al. 2006) . Therefore, one would expect that p53 loss of function, as often seen in cancers, would lead to decrease rather than the observed increase in EV production. This dissonance remains unresolved, but it is possible that the p53 cell signaling pathway is cell or stress dependent rather than a global mechanism relevant to all cells.
A novel study by Villarroya-Beltri adds to the knowledge of how microRNAs are sorted into EVs (VillarroyaBeltri et al. 2013) . The authors identified short sequence motifs over-represented in microRNAs (EXOmotifs) that guide their loading into EVs and, by directed mutagenesis, were able to modulate loading of pre-selected microRNAs into these vesicles (Villarroya-Beltri et al. 2013) . The heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) is a ubiquitously expressed RNA-binding protein that controls the transport and subcellular localization of specific mRNAs in neurons (Munro et al. 1999 ). It was identified as an interactive partner that binds a specific subset of microRNAs through their EXOmotifs and controls their loading into EVs. Moreover, hnRNPA2B1 in EVs was found to be sumoylated and this post-translational modification was responsible for controlling hnRNPA2B1-microRNA binding (Villarroya-Beltri et al. 2013) . In contrast, partial regulation of microRNA sorting to EVs by cell activation-dependent changes of targeted transcript was proposed by Squadrito et al. (2014) . In this report, the authors demonstrated profiling of RNA in macrophages and their EVs as well as subsequent genetic perturbation of the expression of individual microRNAs or their targets. This promoted bidirectional microRNA relocation from the cell cytoplasm/P bodies (sites of micro-RNA activity) to MVB (sites of exosome biogenesis) and controlled sorting of microRNAs to exosomes (Squadrito et al. 2014) . Interestingly, the functional microRNAs enriched in EV identified in this study (e.g., miR-188-5p, miR-146a-5p) (Squadrito et al. 2014) carry EXOmotifs (Villarroya-Beltri et al. 2013 ). This may suggest that passive mechanism to dispose excessive microRNAs may be the first step for selective microRNA incorporation into EVs (Villarroya-Beltri et al. 2013 ). Significantly, in both studies mature microRNAs, but not pre-microRNAs (Melo et al. 2014) , were identified in secreted EVs, suggesting different mechanisms for sorting of microRNA that are at different stages of maturation. Another mode of action responsible for the sorting of microRNAs was proposed by Koppers-Lalic et al. (Koppers-Lalic et al. 2014) . RNA sequencing analysis of small RNA profiles from a panel of human B cells and their secreted EVs not only revealed non-random distribution of microRNA species subsets between cells and EVs, but also discovered post-transcriptional modifications that may contribute, at least partially, to ncRNA sorting into EVs. The analysis of 3 0 -ends of microRNAs demonstrated that adenylated microRNA isoforms are relatively enriched in cells, and microRNA isoforms uridylated at 3 0 ends are in fact over-represented in EVs. Although this study was not validated in the brain cancer model, this type of mechanism may indeed exist independently of the cellular context, as microRNAs known to be generally EV enriched (e.g., miR-451) were indeed detected in EVs derived from GBM cells (Table 1) . It is also possible that there are several mechanisms of ncRNA sorting explaining different mechanisms of microRNA enrichment in EVs: (1) secretion of the most abundantly expressed microRNAs; (2) secretion of microRNAs with low cellular levels; and (3) secretion of microRNAs dependent on microenvironmental context/ stimuli. In fact, it was shown (Squadrito et al. 2014 ) that sorting of microRNAs into EVs is modulated by cell activation-dependent changes of microRNA targets in the donor cells. These studies (Koppers-Lalic et al. 2014; Squadrito et al. 2014; Villarroya-Beltri et al. 2013) show the functional transfer of EV-enriched microRNA; however, the alternative explanation that secretion of microRNAs occurs because they are not functional and thus disposable molecule may also be entertained.
Therapeutic Applications of EVs and EV MicroRNAs
Since EVs naturally carry microRNAs with established function in GBM (Godlewski et al. 2015) , it seems logical to explore this as an approach for the delivery of therapeutic microRNAs (Fig. 4) .
The half-life of EVs in the circulation should be greater than that of liposomes due to their endogenous origin and unique surface composition. Only a few studies have investigated this question, and while some reported that injected EVs accumulated in the liver only to a small degree, others have provided pharmacokinetic evidence of a circulatory EV half-life comparable to that of synthetic liposomes, partially due to the accumulation in the liver (Alvarez-Erviti et al. 2011; Takahashi et al. 2013 ). The welldesigned approach by Lai and colleagues combined Gaussia luciferase and metabolic biotinylation to create a sensitive EV reporter system (EV-GlucB) for multimodal imaging in vivo as well as for monitoring EV levels in the organs and biofluids ex vivo. After administration of EVs, they showed that EVs first underwent a rapid distribution phase followed by a longer elimination phase via hepatic and renal routes within six hours (Lai et al. 2014) . Moreover, they demonstrated that EVs injected systemically can be delivered to tumor sites within an hour following injection. To date, liposomes/nanoparticles have been used to deliver genetic material, drugs, cytokines, adjuvants, or antigens into the body. However, therapeutic EVs could also be introduced exogenously and, as they are natural endogenous vesicles, they may have advantageous biosafety features related to inflammatory response (Dai et al. 2008; Escudier et al. 2005; Mignot et al. 2006; Morse et al. 2005) and to rapid delivery (Zhuang et al. 2011) . As microRNAs and EVs are part of the natural homeostatic milieu of the cells, under normal homeostatic circumstances, microRNAs and EVs should have few, if any, sequence-specific ''off-target'' effects: this may render them ideal therapeutic agents for personalized medicine with efficient and site-specific delivery.
To validate the efficacy of EV-loaded tumor-suppressive microRNA (Katakowski et al. 2010a ), Katakowski and colleagues (Katakowski et al. 2013 ) used mesenchymal stem cell (MSC)-derived EVs preloaded with miR-146b by overexpression of the primary miR-146b transcript in donor cells. Intra-tumoral injection of therapeutic EVs carrying this mature miR-146 significantly reduced the growth of a glioblastoma xenograft in a rat model. This underscores the relevance of both EV-based drug delivery and microRNA-based therapy (Katakowski et al. 2013 (Katakowski et al. , 2010b . In another study, MSC EV-delivered inhibitor of miR-9 decreased the expression of the multidrug transporter, responsible for chemotherapy resistance of GBM cells, and sensitized them to TMZ (Munoz et al. 2013 ). This study also suggests that EVs were responsible for most of the communication between MSCs and GBM cells, as the transfer of fluorescently labeled anti-miRs still occurred after blocking the formation of gap junctions. However, another study showed that the delivery of miR-124 and miR-145 into GBM has functional consequences inhibiting GBM cell migration and GSC self-renewal and that such a mechanism was mediated by both gap junctions and EVs (Lee et al. 2013) . Additionally, the functional transfer of microRNAs naturally expressed in donor cells via gap junctions was also reported (Lim et al. 2011; Xin et al. 2012) including the functional transfer of microRNA between GBM cells and astrocytes (Hong et al. 2015) . These data suggest that the extracellular transfer of microRNAs has functional consequences that depend on the gap junction, protein complex loading (Tabet et al. 2014) , or EV encapsulation which should be considered in the targeted delivery of microRNAs. EVs are very similar to nanoparticles because they could express/present certain antigens on their surface; however, their toxicity is minimal or none (Dai et al. 2008; Escudier et al. 2005; Mignot et al. 2006; Morse et al. 2005) . The surface of EVs can also be modified by the genetic engineering of donor cells for efficient delivery of EVs to target cells. The successful targeted delivery of EVs was reported using cells engineered to express a peptide that specifically bound to tumor cells with EGFR on their surfaces as the source of the delivered EVs. These modified EVs efficiently and specifically delivered let-7a microRNA to EGFR-expressing cancer cells (Ohno et al. 2013 ). This strategy may be most relevant to specific targeting of GBM cells that express EGFR on their surface. The abovementioned studies provide an illustration of how EVs can be used for microRNA replacement therapy: by restoring the expression of microRNA downregulated in target cells or by delivering antagonists of tumor-specific, pro-oncogenic microRNA in combination with standard therapy.
Perspective
There is little doubt that microRNAs are important modulators of GBM pathobiology (Godlewski et al. 2015) . There is also evidence that other types of RNAs (including lncRNA) may be relevant in GBM biology (Du et al. 2013; Han et al. 2012; Yan et al. 2015; Zhang et al. 2013) . GBMderived EVs as well as the functional co-interaction between different classes of ncRNA are also not well characterized. The modification of gene expression in recipient cells by the transfer of genetic material could account for several EV functions. This EV-mediated transfer of regulatory ncRNAs is potentially a powerful means of orchestrating gene expression which increases the complexity of communication between cells.
The role of EVs as a novel drug delivery system appears to be advantageous over existing ones because of their small size, lack of toxicity, and target specificity. However, therapeutic loading of EVs without compromising their biological properties remains a challenge. Several important questions remain to be answered: what are the mechanisms through which EV ncRNAs are selected to be secreted; are the ncRNAs conveyed into EVs a mere reflection of the cellular ncRNA composition or are they loaded selectively; what are the mechanisms by which the ncRNAs sequestered in EVs influence the phenotype of cancer cells?
